We report on the coexistence of magnetic and superconducting states in CeFeAsO1−xFx for x = 0.06(2), characterized by transition temperatures Tm = 30 K and Tc = 18 K, respectively. Zero and transverse field muon-spin relaxation measurements show that below 10 K the two phases coexist within a nanoscopic scale over a large volume fraction. This result clarifies the nature of the magnetic-to-superconducting transition in the CeFeAsO1−xFx phase diagram, by ruling out the presence of a quantum critical point which was suggested by earlier studies.
The recent discovery of high-T c superconductivity (SC) close to the disruption of magnetic (M) order in Fe-based compounds has stimulated the scientific community to further consider the role of magnetic excitations in the pairing mechanism. In order to address this point it is necessary to understand how the ground state evolves from the M to the SC phase within each family of Febased superconductors. In the REFeAsO 1−x F x family (hereafter RE1111, with RE=La or a rare earth) early experiments have suggested that the M-SC crossover is RE-dependent. For instance, a smooth reduction of the magnetic and superconducting ordering temperatures, T m and T c respectively, was found for RE=Ce, 1 suggesting the presence of a quantum critical point. 2 For RE=Sm a partial coexistence of the M and SC states was found, 3 while a first order transition seems to occur for RE=La. 4 Successive studies [5] [6] [7] have shown that the doping region where T m and T c are both non-zero is virtually point-like in Sm1111, demonstrating that the cases of RE=La and Sm can be reconciled under a unique behavior. 5 Recently, nanoscale electronic inhomogeneities have been shown to be present in both RE=La and Sm in a wide range above the crossover region.
8 Actually also the case of RE=Ce is susceptible to further investigation concerning the presence of electronic inhomogeneities in the superconducting dome or even the possible microscopic coexistence of magnetic ordering and superconductivity in the FeAs layers, 2 which might have eluded previous neutron diffraction studies. In fact, contrary to diffraction techniques, which cannot detect short range magnetic order, muons act as local magnetic probes, hence making muon spectroscopy (µSR) an ideal tool for this sort of investigations. For this reason µSR has long been employed to study the M-SC coexistence in cuprates [9] [10] [11] [12] [13] as well as in other superconducting compounds, such as the ruthenocuprates, 14 or the heavy-fermion superconductors.
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Here we report on zero-(ZF) and transverse-field (TF) µSR measurements on a sample of CeFeAsO 1−x F x which unambiguously show the coexistence of superconductivity and short range magnetic order on a nanoscopic length scale. While in contradiction with previous experimental findings on the same compound, 1 this result closely resembles the behavior of Sm1111 at the M-SC crossover.
3,5-7
The investigated polycrystalline CeFeAsO 1−x F x sample was synthesized by a solid-state reaction method following the procedure reported in Ref. 18 . The total fluorine content was evaluated from intensity measurements of the 19 F nuclear magnetic resonance echo signal, as compared to that of a SmOF reference compound. Successive Rietveld analysis of the powder x-ray diffraction pattern excluded the presence of fluorine in other secondary phases, except for a tiny minority (3% vol.) of a spurious CeOF phase. The combined result of the above analysis gives a best estimate of x = 0.06(2) for the F stoichiometry in CeFeAsO 1−x F x .
The temperature dependence of magnetic susceptibility, χ(T ), was measured on the powder sample using a dc Superconducting Quantum Interference Device (SQUID), and it is shown in Fig. 1 . Two key features are evident from the data: a sizeable diamagnetic response below T c = 18 K due to SC shielding, and a cusp at T Ce N = 2.9 K due to the antiferromagnetic ordering of the Ce sublattice. 19, 20 A similar behavior is found in an optimally doped Ce1111 sample. 21 To empirically separate the contributions due to the electrons in FeAs bands from the ones of Ce 3+ , the susceptibility was fitted to the sum of two functions: an erf[(T − T c )/( √ 2∆)], which accounts for the superconducting transition (at T c with a width ∆), and a Curie-Weiss term, which accounts for the behavior of the Ce sublattice. The two contributions are shown in Fig. 1 by dashed and dotted lines, respectively. From the low-temperature limit of the first term, χ sc (T → 0) 0.5 (in SI units), one can roughly estimate a ∼ 50% superconducting volume fraction.
This fraction could be even larger, since at low doping the field penetration depth increases considerably, 22 and becomes comparable to the grain size (1-10 µm). Hence the shielding volume is effectively reduced within each grain. The SC fraction could also be smaller if superconductivity were limited to the grain surface, but we shall show this not to be the case by TF-µSR.
To probe the local magnetic state in Ce1111 we performed a series of ZF-µSR measurements. Figure 2 shows the time dependence of the ZF muon asymmetry, A ZF (t), normalized to its room temperature value a ZF (a marginal muon fraction of 5%, due either to muons stopped in the cryostat walls or in a non magnetic impurity phase, was subtracted as a constant background). Solid lines show the best fit to the measured sample asymmetry using the following normalized ZF function:
Here we distinguish a slowly decaying (λ L ∼ 0.06 µs −1 ) muon fraction, f L , whose amplitude increases from 1/3 at low temperature to a unitary value at high T , and a second muon fraction, f T , which vanishes at high temperature. One can easily identify them with the longitudinal (B i S µ ) and transverse (B i ⊥ S µ ) components of the asymmetry, respectively, with B i the internal magnetic field and S µ the initial muon-spin direction.
The very fast relaxing transverse components represent the signature of a sizeable distribution of internal fields B i . Best fits at low temperature yield two Gaussian contributions with weights w 1 = 0.85 and w 2 = 0.15 60 mT and 12 mT, respectively. Internal fields of this size are typically found at the muon site when the magnetic ordering occurs in the FeAs layers of samples close to a M-SC crossover.
5 Indeed, since we find both the transverse components to disappear at the same temperature, they should reflect the same electronic environment. These two transverse components most probably come from two different muon stopping sites as suggested by a previous µSR study in undoped Ce1111 samples.
20 By considering that simple geometric arguments predict f L = 1/3 for a fully AF ordered polycrystalline sample, we can estimate the magnetic volume fraction due to FeAs layers as
The temperature dependence of V mag is reported in Fig. 3a . It shows that the magnetic transition has its onset already at T m 30 K and that the whole sample becomes magnetic below T 10 K, hence proving the presence of ordered magnetic moments throughout the FeAs layers of the whole sample volume. This does not necessarily imply that all the muons are implanted inside a magnetically ordered domain. The distance between adjacent antiferromagnetic domains (i.e. with vanishing macroscopic moment) can be estimated by simply considering the dipolar interaction between the S µ = 1 2 muon spin and a domain moment with the value of the ordered moment, m ≈ 0.3µ B , 23 which at a distance d produces a local field B i = µ0 4π md −3 . Since in ZF-µSR a rough detection limit for the spontaneous internal fields is ca. 1 mT, one can estimate to d ∼1 nm the maximum "detectable" distance between an ordered domain and a muon site. Considering now that in our Ce1111 sample practically every muon experiences a non vanishing local field from the FeAs layer for T 10 K (see Fig. 3a ), one can conclude that the maximum distance between magnetically ordered domains is of the order of a few nanometers. Combined with the above SQUID measurements, the ZF µSR results clearly demonstrate that at low temperature the SC and M states coexist within a nanoscopic length scale in at least 50% of the sample volume, as shown by the hatched area of Fig. 3a . This coexistence implies that the superconductivity must survive within a few nanometers, a condition which is satisfied in this material, where the typical coherence length is of the order of ξ ∼ 2 nm.
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To further investigate the M-SC coexistence state we carried out TF-µSR measurements, whereby the sample was cooled in an externally applied field H ⊥ S µ equal to µ 0 H = 20 mT, i.e. higher than the lower superconducting critical field H c1 , expected in the range 0-10 mT.
24 Accordingly, a flux-line lattice is generated below T c . In this experiment muons probing the pure flux-line lattice experience the diamagnetic shift of the local field B µ =µ 0 H(1 + χ), with χ < 0. 25 On the other hand, those muons implanted in the magnetically ordered phase will probe a magnetic field B µ =|µ 0 H + B i |, whose magnitude in a powder sample is B µ µ 0 H. 26 The amplitudes of these frequency-distinct signals are proportional to the volume fractions where the corresponding order parameter is established. Based on these considerations, we could describe the time evolution of the TF-µSR normalized asymmetry using:
with γ = 135.5 MHz/T, the muon gyromagnetic ratio and a TF , the total asymmetry measured at high temperature. Equation (2) fits the TF data very well over the entire 3-300 K temperature range (χ 2 ≈ 1 ÷ 1.2). The last non-oscillating term accounts for the longitudinal component of the muon spin in the magnetically ordered phase (µ 0 H + B i ) S µ , expected below T m . The second of the oscillating terms (the one labeled with j = 2 -not shown), is present only below T m . It reflects an environment with spontaneous magnetic order, characterized by paramagnetic field shifts at the muon site B 2 ≈ 23 mT (> µ 0 H), and by fast (λ 2 ∼ 5 µs −1 ) relaxation rates due to the disordered distribution of spontaneous local fields B i , in agreement with previous ZF-µSR results.
Let us now focus on the parameters describing the first (j = 1) oscillating term. Figure 3b shows the fraction f = 0), since the whole sample is in a single phase for T > T m . Interesting insights come from the relative field shift sensed by implanted muons (shown in Fig. 3d ). In this high-T regime the absence of a shift characterizes a sample which is neither in a superconducting, nor in a magnetically ordered state. Here the Lorentzian character of relaxation, with small λ 1 0.1 µs −1 values (see Fig. 3c ), reflects the presence of very small fluctuating dipolar fields, probably due either to the Ce magnetic moments or to some minor phase of diluted Fe clusters.
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Once the sample is cooled below T m a reduction of f TF 1 is observed, specular to the increase in magnetic volume fraction detected by ZF-µSR, as clearly seen in panels a and b of Fig. 3 . However, no appreciable variations in λ 1 or B 1 are detected across T m , suggesting that no electronic changes occur in the f TF 1 volume fraction down to T c . Only below T c there is a sizeable increase of the diamagnetic shift (panel d), which denotes an expulsion of the externally applied field, as well as the increase of the relaxation rate (panel c), which reaches values typical of the superconducting pnictides. 22 Notice that the muon fraction in the superconducting environment is f TF 1 > 0.5 for 10 K < T < T c , which demonstrates that the corresponding volume is more than 50%. By further cooling below 10 K (hatched area in panels b-d) one finds that f TF 1 reduces drastically to ∼ 15%. Interestingly, there is also a simultaneous drop in the relaxation rate λ 1 and a progressive vanishing of the diamagnetic shift B 1 . All these facts imply that the magnetic environment probed by muons is far more complex than the initially pure flux-line lattice, with internal fields B i of the order of µ 0 H developing throughout the whole volume within a nanoscopic length scale. This picture fully agrees with that from ZF-µSR, also consistent with the presence of coexisting magnetic order in the FeAs layers.
In summary, both ZF-and TF-µSR experiments show that a superconducting Ce1111 sample becomes fully magnetic within the FeAs layers below 10 K. Below T c a sizeable fraction of muons detect a pure superconducting volume, which seems to progressively vanish as the fully ordered magnetic state develops. This, however, does not imply that superconductivity is destroyed, as clearly proved by susceptibility measurements, which detect a practically unchanged SC volume fraction (once the unrelated paramagnetic behavior of Ce is properly accounted for).
These results demonstrate that in Ce1111 the superconductivity may coexist at the nanoscopic scale with magnetically ordered moments in the FeAs layers. This means that the magnetic and superconducting order parameters cannot vanish simultaneously, in contrast with earlier studies, 1 hence excluding the presence of a common quantum critical point.
2 Indeed this behavior closely resembles that of Sm1111, 5 suggesting that the coexistence of magnetism with superconductivity within the FeAs layers is a feature common to different RE1111 pnictides. Further studies are necessary to measure the extent of the region of M-SC coexistence in Ce1111 as a function of F doping.
